era1 advantages over standard Southern blot because it is simple, rapid, not radioactive, and likely more sensitive than other polymerase chain reaction-based procedures. In particular, the cases with uncertain or contradictory TCR p and y patterns were solved by the heteroduplex analysis, showing homoduplex or heteroduplex bands of clonal nature. The direct sequence of the VJ junctions, easily obtained from the homoduplex or heteroduplex bands, allowed us t o confirm the same clonal marker in two apparently different skin lesions and in different biopsy samples obtained from the same patients, either at the same or different time points, thus emphasizing the utility of this method in monitoring CTCL clinical progression. of TCR genes by polymerase chain reaction (PCR) have significantly improved the sensitivity in detecting a clonal lymphoid population." The y and 5 TCR genes have been suggested as ideal targets because they have a limited Vgene repertoire and extensive junctional diversity.*' Recently, Bourguin et al" proposed a new approach for detecting the T-cell clonality in lymphoid neoplasm, by means of heteroduplex analysis of the TCR y gene amplification products on denaturing gradient gel electrophoresis. A simplified version of this method has been used to analyze the junctional heterogeneity of the S chain expressed by lymphocytes of intestinal mucosa. 22 In this study we apply the heteroduplex analysis to the y TCR gene rearrangements in a series of CTCL patients previously studied by conventional Southern blot analysis. Our findings suggest that this method offers significant advantages either for diagnosis or monitoring of T-cell cutaneous lymphomas. CD30'LCL, l was affected by LyP, and 1 had LyP associated with cutaneous CD30' lymphoma (Table l) . All patients were classified according to a modified TNM staging system23 (see Table 1 ) and studied at diagnosis before any treatment. We analyzed single skin biopsy samples from 12 patients; in the remaining 2 patients multiple biopsy specimens of different lesions, present either concurrently (no. 15) or at different time points (no. 4), were evaluated. In selected cases, peripheral blood or lymph node specimens were collected. As control samples, we studied 26 skin biopsy samples from patients with a variety of nonneoplastic dermatologic diseases (lupus erithematosus systemic [LES] and discoid, vasculitis, dermatitis herpetiformis, contact dermatitis, actinic reticuloid, pseudolymphomas, and healthy skin). Peripheral blood mononuclear cells (PBMC) were separated by Ficoll-Hypaque (Pharmacia, Uppsala, Sweden) gradient centrifugation. PBMC as well as a portion of each biopsy specimen were stored at -80°C before DNA extraction. Phenotypic analysis. Frozen sections (4 pm) of each biopsy specimen were labeled with monoclonal antibodies (MoAbs) using a sensitive alkaline phosphatase antialkaline phosphatase (APAAP) method as described el~ewhere.'~ The panel of MoAbs included CD2, CD4, CD5, CD7, CD8 (Leu5, Leu3a, Leul, Leu9, Leu2a; Becton Dickinson, Mountain View, CA); CD3 (UCHTl; IV International Workshop on Leukocyte Antigens, Vienna, Austria, 1989); CD30 (Ber-HZ; IV International Workshop on Leukocyte Antigens);
and PFI (p chain of TCR; T Cell Science, Cambridge, MA).
Southern blot analysis. High molecular weight DNA was extracted from skin, PBMC, and lymph node, digested to completion with BarnHI and EcoRI (Bethesda Research Laboratories [BRL], Gaithersburg, MD), size fractionated by electrophoresis through a 0.8% agarose gel, and transferred to nylon membranes (Genescreen Plus; New England Nuclear, Boston, MA). Prehybridization and hybridization were performed for 16 to 24 hours at 42°C in a solution containing 1 m o m NaCl, 1% sodium dodecyl sulfate (SDS), 10% dextran sulfate, and 50% deionized formamide. To the hybridization solution was added 100 pg/mL salmon sperm DNA and 1 X lo6 cpm/mL of a probe labeled to high specific activity with 32P by the random primed method.2s Membranes were washed for 30 minutes in 2X sodium chloride sodium citrate (SSC)/O.l% SDS, followed by a second 30-minute washing in 0.1 X SSC/O.I% SDS at 65°C and exposed to XAR-5 film (Eastman Kodak, Rochester, NY) for 1 to 6 days. The DNA probes were a 0.4-kb BglII cDNA fragment hybridizing to the constant TCR Cp 1 and CP 2 regions'6; a 0.7-kb HindIII-EcoRI genomic fragment that contains the TCR y J 1 element hybridizing to both J1 and 52"; and a 1.0-kb HindIII-Sac I JPIcontaining region.28 PCR ampl$cation. The amplification of TCR y locus V-J junctional region was essentially performed as described by Saiki et aiz9 with the Taq DNA polymerase on 0.5 pg of genomic DNA as template using the following oligonucleotide primers: VI 5'-TAC-ATCCACTGGTACCTACACCA, a consensus oligo recognizing all rearrangeable members of the first Vy family, ie, five functional (V2-5, V8) and one not functional (V7); V9 5"TCATACAGTTCC-TCATTCACTGGTACCGGCAGAAACCAAA which recognizes V10 and V1 1; J U2 5'-CCCGTCGACTACCTTGGAAATGTT-GTATTCTTC, recognizing both J1 and 52 regions; JP 5"AAGCTT-TGTTCCGGGACCAA; and finally, JPI/P2 5"CCAGGTGAAGTT-ACTATGAG, which recognizes both JP1 and JP2. A single V-J primer pair was used in most reactions. However, three multiplex PCRs containing all J primers (J112, JPllP2, and JP) plus either V1 TGGTGTCC; V10 5"GCAGCATGGGTAAGACAAGC; V10/1 I 5"
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or V9 or V10/11 were occasionally performed. The efficiency of these multiplex reactions was previously checked on human $6 clones containing all combinations of V and J rearrangements.*' Each 50-pL PCR reaction was set up using the following conditions: 0.1% Triton X-100 (Merck, Darmstadt, Germany), 0.2 mmoVL each dNTP with 25 pmol of each primer and 1.5 pL of Taq polymerase (Promega Corp, Madison, WI). The samples were initially denatured for 6 minutes at 94°C and then subjected to 30 serial cycles of denaturation (1 minute at 94"C), annealing (1 minute at 55"Q and extension (1 minute at 72*C, last cycle 9 minutes). A 5-pL aliquot of each reaction was analyzed on a 1.8% agarose gel.
Vy-Jy heteroduplex analysis. Given the high sequence variability of the V-J junctions within a polyclonal T-cell population, at the last cycles of a standard PCR with V and J specific primers a large fraction of the DNA molecules are assembled from hemihelices derived from different TCRs, ie, mispaired in the VJ junctions. The probability of a given hemihelix to find the homologous partner follows a second-order reaction, and is a function of the respective double-strand concentration. Because both TCR y alleles are usually rearranged in a given T-cell clone and often amplifiable in a single reaction (eg, hy the VI-JIR primers), in presence of a major clone four double-strand chains will predominate at the end of the PCR: two are the original rearranged chains (homoduplexes; no mispairing at the VJ junction), and two originate by the exchange of the respective positive and negative strands, which results in mismatched V-
J regions (heteroduplex). When only one clonal rearrangement is
amplified by a given primer pair, no heteroduplex but only a single homoduplex fragment will appear.
Our method of V-J heteroduplex analysis can be summarized as follows: to favor heteroduplex formation, 5 pL of each amplified product was heated at 94°C for 5 minutes, rapidly cooled to 50°C and left at this temperature for 1 hour, and then transferred on ice until loading. Samples were run overnight on a 12% nondenaturing polyacrylamide gel (19:1, acry1amide:bisacrylamide) in TRIS-borate EDTA (TBE) buffer at 12 m A , at 4°C (Protean I1 Xi Cell apparatus; Bio-Rad, Richmond, CA). Heteroduplex patterns were shown by ethidium bromide staining.
DNA sequencing. Ten to 25 p L of PCR product was run in nondenaturing polyacrylamide gel electrophoresis (PAGE). The bands of interest, either heteroduplex or homoduplex, were cut out, minced, and left Overnight at 37°C in a 500 mmoVL ammonium acetate, 10 m m o E magnesium acetate, 1 mmol/L EDTA, 0.1% SDS elution buffer. The supernatant was transferred in a 0.5-mL microtube that had been previously punched at the bottom (the hole covered by a glass wool plug), centrifuged 1 minute at 12,OOOg at 4°C into a 1.5-mL Eppendorf tube, and the DNA was recovered by ethanol precipitation. After resuspension in TRIS EDTA (TE) buffer, pH 7.6, and a further ethanol precipitation with Na-Acetate, the DNA was finally resuspended in 15 pL of water. Five microliters of DNA was used for the dideoxynucleotide chain termination sequencing reaction, with a modified T7 DNA polymerase (Sequenase 2.0; US Biochemical Corp, Cleveland, OH). The sequencing primers used were J112 for the positive strands and either VI, V9, or V10 for the negative strand. 50 mmovL KCI, 10 ITIIIIOI/L T r i~ (pH 9.0), 1.5 MgC12,
RESULTS
Irnrnunophenotipic analysis. The clinical and immunophenotypic features of CTCL patients investigated here are summarized in Table 1 . Most of the infiltrating epidermal and dermal mononuclear cells (50% to 75%) were CD2+, CD3' TCR &p'. In 11 of 13 cases the lymphocyte population was CD4+ and CDK. The presence of the CD30 antigen was detected in 1 Lyp (case No 15) and in 2 MF patients at tumor stage (no. 2 and 4). The CD5 and CD7-positive staining occurred in 12 and 8 patients, respectively, with no apparent correlation with any clinical stage of the disease.
Genotypic analysis. The Southern analysis of TCRP and y gene rearrangements found in the skin, peripheral blood, or lymph nodes is summarized in Table 2 . On the basis of the pattern of rearrangement at the y locus, the patients could be separated into two groups. The first group includes cases whose skin biopsies showed unambiguous clonal rearrangement (cases no. 2, 4, 6 through 9, and 15, Figs 1A and 2A; cases no. 10 and 12, not shown). A large variety of gene rearrangements are represented in this set, overall involving 7 different Vy (V2-5, V8-10) and 3 J elements (Jl-2, JP1); these samples were used as a reference panel for the evaluation of the heteroduplex method described below. The second group included three patients representative of less clear-cut findings, ie, an ambiguous clonal pattern caused by a reinforced signal of one or two rearranged bands either in presence (nos. 3 and 13, Fig 2A) or absence (no. 5, Fig 1A) of a polyclonal background.
Our heteroduplex analysis was restricted to the y locus, and initially focused to the rearrangements at the J1 and 52
regions. We first tested with the heteroduplex method the VI-J1/2 products amplified from the DNA extracted from two cutaneous biopsy specimens of normal donors. As shown in a representative case in Fig lA, the Jy1/2 configuration in these control samples was germline at Southern. The migration pattern in polyacrylamide gel appeared as a homogeneous smear (Fig lB) , with no evidence of homoduplex and heteroduplex bands, ie, characteristic of a polyclonal T-cell population. We then tested a variety of DNA samples from normal PBMC, cutaneous pseudolymphomas, and cutaneous LES, all of which gave a characteristic polyclonal pattern following a JyU2 probe analysis, ie, multiple faint bands of rearrangements, as previously described (see a representative LES case in Fig IA) . The VI-JIR amplified products from all of the above-mentioned samples reproduced a heteroduplex pattern (smear) indistinguishable from that found in polyclonal T-cell infiltrate of normal skin.
We next examined those tissue samples that had shown undoubtful rearrangements at the p and y loci. Taking advantage of the knowledge of which Vy had rearranged, on the basis of J1/2 probe hybridization on EcoRI and/or HindIII digestion^,^'.^' we amplified each sample with the J1/ 2 oligo and the appropriate V family-specific primer. The polyacrylamide gel patterns of these PCR products displayed in all cases one, or occasionally two, fast-migrating bands, often accompanied by two fainter, slow-migrating fragments. The presence of the two slow-migrating bands (cases no. 4, 8, and 15, Fig lB, and no. 10 , not shown) clearly correlate with the successful amplification of both rearranged alleles, as expected by Southern blot findings. From all samples we directly sequenced the homoduplex and/or heteroduplex fragments, once eluted from the polyacrylamide gel. However, when both rearranged alleles were coamplified, the two homoduplex fragments often showed only a small difference in gel mobility or even comigrated, leaving the heteroduplexes as the only source for direct sequencing. The heteroduplex nature of the slow-migrating bands was confirmed by the two different V-J junctional sequences charac- Table 1 . 6 The V assignment was based on the direct sequence of the homoduplex or heteroduplex bands, except for the V10 and V9 rearranged alleles in cases no. 5 and 6, respectively, in which the clonal nature was confirmed by the homoduplex band produced by V9-and V10-specific amplifications.
l1 In addition to a faint, V10-containing band ( Fig 1A) . a V8-J1/2 rearrangement appeared after a longer exposure.
n The discrepancy between the EcoRl and BarnHl patterns is likely caused by the uneasy separation of the germline 20-kb J1-containing, #The BamHl V8 rearrangement (40 kb) could have been missed because of partial D N A degradation.
BarnHl fragment from the rearranged V10 (19 kb; case no. 5) and V4 (21 kb; case no. 12) segments.
terizing the two strands. The strong, fast-migrating band showed its homoduplex nature, ie, an identical V-J junctional sequence on both strands. Overall, in the samples belonging to the first group, 15 rearranged alleles were recognized and the V elements involved were compared with those indirectly type by Southern: a complete correlation was found in all samples ( Table 2 and Figs 1 through 3) . Interestingly, from one case (no. 4), which at Southern showed a single rearranged band, two different V5-J1/2 junctional sequences were obtained, suggesting that both alleles carried a similar V-J rearrangement (two heteroduplex bands could be separated in a long-run gel).
Confident on the reliability of the heteroduplex analysis, we used this method to test the samples of the second group, which gave ambiguous findings at Southern. Cases no. 3 and 13, which at Southern exhibited a reinforced signal of the 4.2-kb and 5.4-kb EcoRI bands, respectively (concomitantly to other multiple rearranged fragments typical of a polyclonal pattern), produced at the VI-J1/2 heteroduplex analysis a single homoduplex band. The direct sequence showed a V8 (no. 3) and a V3 (no. 13) rearrangement, respectively, as indicated by the Southern analysis. In the last case (no. 5), which was germline at the TCRP locus, only a faint 0.65-kb band, characteristic of the TCRy VlO-J1/2 rearrangement, was noted in the EcoRI Southern blot (Fig 1 A) , whereas the BamHI blot appeared germline. The polyacrylamide gel analysis of the amplified VlO-J1/2 showed only one homoduplex band, confirming its clonal nature (data not shown). However, using a second the VI-J1/2 set of primers, a strong homoduplex band, identified as V8 through direct sequencing, was also detected (Fig 1B) . Indeed, a very faint VS-specific, 4.2-kb EcoRI band could be recognized after a long exposure of the Southern blot film.
Of the five patients from which multiple samples were available ( no. 2 and 9 (Fig 2A) . Indeed, only a smear or a single V3-J112-containing homoduplex appeared after PAGE analysis of the VI-J I /2 PCR products from the skin samples of cases no. 2 and 9, respectively (Fig 2B) . In one case (no. 3) the tumor-specific T-cell clone identified in the skin could not be found in the blood by heteroduplex analysis.
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Finally, in cases no. 1 and 14, whose J1 and 52 regions were clearly germline at Southern, the polyclonal nature of the T-cell infiltrate was confirmed by multiplex PCR containing different combinations of the four V (VI, V9, V10, and V10/11) and three J (U2, Pl/P2, P) primers, and by heteroduplex analysis of those reactions that gave an amplification product (Table 2) .
DISCUSSION
Diagnosis of CTCL is often hampered by the difficulty to distinguish neoplastic from reactive lymphocytes by conventional histomorphologic and immunophenotypic analysis. A significant progress has been recently obtained by the possibility to detect clonal TCR gene rearrangements through Southern blot analysis of skin-biopsy DNA, not only in MF patients at tumor stage,'0.'' but also in a large fraction (up to 60%) of the early stage disease."
However, a few limitations regarding the usage of the S.outhern blot for the detection of lymphoid-specific clonal markers in skin biopsy samples should be considered. First, even in the presence of a pure neoplastic T-cell infiltration at the tumor stage, the germline TCRP and y gene configurations are still clearly visible, being produced by dermal and epidermal cells that usually account for the major cell fraction within the biopsy (Figs 1A and 2A) . Secondly, a variable number of reactive, polyclonal T cells, indistinguishable from the T-cell infiltrate of normal skin, may be associated with the neoplastic cells. This phenomenon can be easily documented by a TCR JyV2 probe on EcoRI or Hind111 digests. Indeed, because of the limited number of V-J1/2 possible combinations, eight to nine faint bands of rearrangements are commonly observed in peripheral blood lymphocytes of normal individuals." Traces of these bands are often detected in MF skin lesions either in presence or absence of a major clonal expansion." Some of these background bands may occasionally appear reinforced, possibly suggesting the presence of an emerging clone. However, uncertainties regarding the latter interpretation may persist because even in "normal" peripheral lymphocytes the hybridization signal, though faint, is not evenly distributed among the bands, because of comigration or nonrandom V gene rearrangement." This phenomenon is particularly evident for the V2 and V4 rearrangements, which are quite common and comigrate in the 0.9-kb EcoRI band.
Although the usage of multiple restriction enzymes and the TCRP locus analysis should help to solve these problems, the Southern blot approach to detect T-cell clonal markers in skin biopsy specimens seems to be less sensitive and to present a higher rate of equivocal findings, compared with other tissues such as peripheral blood, bone marrow, and lymphoid organs. These drawbacks are particularly relevant because they are mainly encountered in patients at the MF early stage, where the diagnostic demand is compelling.
To overcome these difficulties, we have followed a PCRbased approach that takes advantage of the high heterogeneity of the V-J junctional sequence and of the different migration properties in polyacrylamide gel of V-J segments containing a few mismatches (heteroduplex) compared with fully matched V-J junctions (homoduplex) report, a simplified version of the heteroduplex method" has been applied to a selected series of CTCL.
The TCRy was preferred over other T-cell-specific rearrangeable loci because ( 1 ) it is rearranged not only in the y6 but also in the a@ T cells, (2) it has been proven to be one of the most informative and early marker of clonality in T-cell malignancies." (3) the majority of early stage MF has been found rearranged. with a prevalencc possibly higher than the @ locus," (4) only a few V-and J-specific primers are required (4 V and 3 J). because of the small number of V and J segments and their sequence homology, and (S) over 80% of all possible rearrangements can be amplified using one single pair of primers (ie. VI-J1/2) because of nonrandom V-J gene usage."
The Vy-Jy heteroduplex analysis performed on skin biopsy samples of healthy donors did not identify predominant bands. but a homogeneous smear. thus indicating that the Tcell population resident in the normal skin (largely ap") is polyclonal. Even if an enrichment of T cells expressing particular TCRa or @ chains should exist in thc normal skin, as a consequence of local. superantigen-like stimuli, the usage of the unexpressed. ie. unselectable. TCRy marker should allow an unbiased estimate of the clone complexity. A picturc virtually identical to that of normal skin. ie, a smear. without any traces of homoduplex or heteroduplex bands. was detected in skin lesions of cutaneous LES, whose Southern blot had shown three to four faint bands of rearrangements (Fig 1 ) . Though we never obtained evidence of a TCRy clonal pattern in normal skin or inflammatory lesions, a wider series of such samples should be collected to establish whether such a phenomenon indeed exists and to assess its possible relation to thc underlying triggering mechanism.
The specificity of the heteroduplex method was assessed in skin, PRMC, or lymph node samples of nine MF patients who. according to Southern analysis, had rearranged V y genes belonging to the VI family (which include 6 rearrangeable elements) and thus amplifiable with a single V family-specific primer. The sequence of the hetero or homoduplex fragments, confirmed in all cases the expected V y typing. The analytical power of this method was specially appreciated in one patient (no. 4) whose Southern pattern had show a single VS-J 1/2 rearrangement, whereas two VS-J1/2 heteroduplexes were obtained. suggesting that in the same band comigrated the JI or 52 regions from both chromosomes, rearranged to the same V y gene.
In three selected patients (nos. 3. S. and 13). who gave ambiguous results at Southern, either because possibly clonal rearrangements were visible only at the y locus whereas the 0 locus appeared germline, or because of a polyclonal background, the PAGE analysis allowed a definitive diagnosis of the clonal nature of the lymphoid infiltrate in the skin lesion. In particular, the germline RnrnHI pattern in case no. S may illustrate two possible type of Southern blot misleading findings: the first one is caused by the difficulty to distinguish. in standard electrophoretic conditions. bands of similar size (eg. the V10-JI or -52 RnmHI fragment is 19 kb long, whereas the germline J I -containing fragment is 20 kb), the second might be caused by partial DNA degradation. which preferentially reduces the hybridization signal of long fragments (the V8-J1/2 RamHI rearrangement has an expected size of about 40 kb). Furthermore. as shown by the PAGE analysis in cases no. 2. 6. and 9. the reinforced signal of the 0.9-kb EcoRI band after J y I probe hybridization does not necessarily correlate with a clonal proliferation (Figs I and 2. and Table 2 ). The heteroduplex analysis of the amplified V-Jy segment does not require a particularly skillful experience and it is likely less susceptible to artifacts occasionally associated with Southern blot hybridization (such as the just-mentioned incomplete restriction enzyme digestion, restriction fragment length polymorphisms, etc). Recently, an agarose gel electrophoresis analysis of VJ junctional fragments has been applied to MF skin lesions.34 The clonal and polyclonal patterns were suspected on the basis of the sharp or fuzzy appearance of the ethidium bromide-stained bands. For a better electrophoretic separation, quite short (< 100 bp) V-J segments had to be produced through nested PCRs with internal Vp family-specific primers. Though in principle we could have followed that strategy, we believe that the heteroduplex method offers substantial advantages over the agarose gel analysis, because (1) it does not need the usage of a nested PCR, which often does not guarantee the same V-specificity of the first PCR reaction (eg, the common Vp primer used by Bahler et a134 should have missed all Vp2 and Vp4 genes and probably at least one member of four different Vp families"VP5, 12, 11, and 18 [personal observation]), (2) it is simple, quite rapid, and does not require radioactive labeling, and (3) the molecular typing of the predominant cloneh can be easily derived by the direct sequencing of the heteroduplex or homoduplex bands.
Finally, this technique could be valuable to monitor the systemic involvement in MF and to show the relation between skin lesions apparently resembling different clinical entities. Indeed, the biopsy samples from two skin lesions in case no. 15 displayed different features: the first suggesting LyP, the second being characteristic of a CD30+ lymphoma. Interestingly, the heteroduplex and V-J sequence analysis showed that the same clonal markers were present in the lymphocytes infiltrating both skin lesions. In this context, it is worthwhile noting that an identical TCRP rearrangement has been recently observed in a patient who initially presented with signs of LyP and subsequently developed Hodgkin's disease and a CD30+ lymphoma. 35 In conclusion, our findings suggest that the heteroduplex analysis of the amplified V-Jy junctions on ethidium bromide-stained, nondenaturing polyacrylamide gel may successfully replace Southern blot for evaluating the T-cell clonality in skin lesions.
